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Monique S. McClain,*[a, b] Aaron Afriat,[a, c] Jeffrey F. Rhoads,[a, c, d] Ibrahim Emre Gunduz,[e] and
Steven F. Son[a, b, c]
Abstract: An emerging area of research in the energetic
materials community is the development of new manu-
facturing methods, such as additive manufacturing (AM),
that can be used to selectively deposit energetic materials
into complex geometries, which provides more control over
how the energetics perform during combustion. Although
ammonium perchlorate (AP) composite propellant has
been 3D printed at solids loadings that are comparable to
traditional formulations (85 wt.%) with vibration assisted
printing (VAP), traditional propellant binders such as hy-
droxyl terminated polybutadiene (HTPB) are poorly suited
for 3D printing large or complex structures because propel-
lant made with HTPB deforms easily under its own weight
and isocyanates do not crosslink HTPB fast enough to facili-
tate rapid polymerization after deposition. Ultraviolet (UV)
curable photopolymers have been used for many types of
AM processes, such as stereolithography, and there is a va-
riety of commercially available binders with customizable
chemical and mechanical properties. However, little work
has been done to characterize the optimal cure character-
istics of UV curable binders that are compatible with com-
posite propellants. Furthermore, it has also been speculated
that aluminized propellants may not be amenable to UV
curing since opaque particles impede UV transmission. In
this work, the curing properties of a photopolymer that has
similar characteristics to HTPB with AP and aluminum were
quantified. The ingredients consisted of a polybutadiene
urethane acrylate and hexanediol diacrylate (HDDA) poly-
mer binder, which could be mixed in various ratios to con-
trol properties such as adhesion to particle surfaces and vis-
cosity, as well as bisacylphosphine oxide (BAPO) which is a
well-known photoinitiator for deep curing in the coatings
industry. The effect of wavelength, exposure time, and in-
tensity on cure depth were quantified on the neat photo-
polymer. In addition, the effect of aluminum content (up to
20%) on the cure depth of propellant with a solids loading
of 85 wt.% was measured. It was shown that at higher in-
tensities (~20 mW/cm2), aluminized propellants could be
cured to depths on the order of 1–2 mm, which is greater
than the typical layer thickness of propellants printed via
VAP (~0.25 mm). In addition, it was shown that there were
no visible interfaces in aluminized propellant (15% alumi-
num) that was cured layer-by-layer. The approach taken
could be applied to a wide range of other granular, opaque
composite materials, such as metal, ceramic, and fibrous
mixtures.
Keywords: Additive manufacturing · Ammonium perchlorate composite propellant · Energetic materials · Photopolymer · Opaque
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1 Introduction
Additive manufacturing (AM) has initiated a new area of
study in the energetic materials community due to the high
level of control in reactivity that can be potentially gained
from this process. The underlying concept is to use 3D
printing to deposit energetic materials into specific com-
plex geometries to provide more control over how the ma-
terials perform during combustion. However, there are
many setbacks that need to be overcome in order to make
this a reality. First, a printing process that is capable of de-
positing high performance solid rocket propellant needed
to be developed and characterized. Recently, vibration as-
sisted printing (VAP) was found to be capable of 3D print-
ing free standing structures of viscous materials, such as
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clay, with high accuracy [1]. This technique was then used
to print an ammonium perchlorate (AP) composite propel-
lant at a solids loadings that was comparable to traditional
formulations (85 wt.%) [2]. However, it was found that tradi-
tional propellant binders, such as hydroxyl terminated poly-
butadiene (HTPB), are not suitable for 3D printing large or
complex structures because HTPB creeps and deforms easi-
ly under its own weight. This is particularly problematic be-
cause even with fast curing isocyanates and elevated tem-
peratures to accelerate the thermosetting process, HTPB
does not cure fast enough for the original printed shape to
be retained. Furthermore, fast curing rates will lead to
changes in viscosity during the printing process. One could
increase the solids loading or reduce the particle size to in-
crease the viscosity, but at some critical height, there will
still be deformation before crosslinking occurs. Therefore,
the next logical challenge in printing tall, complex reactive
structures is to find a type of binder that could quickly cure
in-situ. Previously, a polyurethane based epoxy was used to
3D print propellant strands with few voids at nearly full
density [2]. However, that particular epoxy (Illumabond 60–
7105) is sensitive to vibration and hardens quickly, making
it difficult to print continuously with VAP, which dramati-
cally increases print time. Therefore, it is important to inves-
tigate new photopolymers that are more compatible with
VAP and can produce structurally sound propellants. For-
tunately, there are many options to consider.
Photopolymers are a broad class of polymers that can
be cured in a matter of seconds/minutes when subjected to
light, typically in the UV wavelengths, or electron beam ra-
diation. There are numerous types of photopolymers that
are commercially available for use in applications, such as
electronics, coatings, and AM [3]. Photopolymers, partic-
ularly polymers that react at UV wavelengths, have been
used for many types of AM processes such as stereo-
lithography. Typically, photopolymers consist of an oligom-
er (50–80 wt.%), a monomer that acts as a diluent and/or
crosslinker (10–40 wt.%), and a photoinitiator (~1 wt.%) [4].
A common and fast UV curing mechanism involves free rad-
ical photopolymerization in which free radicals break off of
the photoinitiator and react with the monomers [5]. The
penetration depth of the UV light into the photopolymer
depends on the wavelength and intensity of the UV source
[6]. Although it can be difficult to cure past a certain depth
due to the quick consumption of free radicals, this photo-
polymerization technique is a potentially adequate method
for quickly curing thin layers, and thus is compatible with
many 3D printing methods. An alternate type of photo-
polymerization mechanism is driven by the formation of
acidic intermediates, rather than free radicals, which have
much longer life times. This process enables “dark cure”,
where the photopolymer continues to cure even after the
light is removed, which can be useful for AM processes
where UV exposure is generally limited [7]. However, this
mechanism (typically cationic polymerization) is much slow-
er than free radical polymerization. Combinations of free
radical and cationic photopolymers can be used to combine
the benefits of rapid, initial polymerization and complete
polymerization in the absence of light [8].
The mechanical properties of a photopolymer can be
tailored by the selection of oligomers, diluents, and photo-
initiators [3,9, 10]. Polyurethane acrylates are a type of
oligomer that are just as customizable as polyols are in a
polyurethane mixture (i. e. polarity, molecular weight, and
surface tension). Polybutadiene urethane acrylates in partic-
ular exhibit similar mechanical characteristics to HTPB (vis-
cosity, adhesion, and hardness), and have the advantage of
being photopolymerizable. In addition, they may also be
mixed with reactive diluents, such as hexanediol diacrylate
(HDDA), to tailor mixture properties and the mechanical
characteristics of the cured polymer. The selection of pho-
toinitiator is important because the degree of cure is closely
linked to its reactivity at specific wavelengths. It is desired
to increase the cure depth in order to ensure that the pro-
pellant layers are fully cured and to potentially reduce the
number of interfaces required to make a part by curing ev-
ery few layers during 3D printing. Although many photo-
initiators are tuned to cure in the high 200 nm to low
300 nm wavelength range, it is generally known in the
coatings industry that longer wavelengths result in thicker
curing depths. It is therefore more advantageous to use
photoinitiators that work better at wavelengths in the up-
per 300 nm or deep UV range in order to increase the cure
depth of propellant mixtures. For example, bisacylphos-
phine oxide (BAPO) is a solid powder that typically cures at
~365 nm and is slightly soluble in HDDA. The HDDA en-
ables uniform mixing since BAPO is a solid powder and is
typically added in small quantities (~1 wt.%).
Despite the large selection of photopolymers that are
potentially compatible with energetic materials, little work
has been done to characterize the compatibility of UV cur-
able binders with AP or quantify relevant parameters such
as cure depth and layer-to-layer adhesion. There is also con-
cern that with the addition of opaque additives, such as
aluminum (Al), the cure depth will be limited, which will
prevent the use of 3D printing with aluminized propellant.
It is known that opaque materials (i. e. metals) can reflect
and absorb light and consequently lower the penetration
depth of UV light [11–14]. Many composite propellant for-
mulations consist of anywhere from 10–20 wt.% aluminum,
so the penetration depth of UV cured propellant could nat-
urally be affected. Some work has been done to develop
new binders that are energetic photopolymers [15], yet this
has not been considered with the addition of particles yet.
Aluminized AP composite propellant has been additively
manufactured with polyethylene glycol diacrylate (PEGDA)
and BAPO, yet the layer-to-layer quality characterized via X-
ray tomography was poor, even though the print layer
thickness was relatively large (1 mm), and dewetting of low
viscosity PEGDA from the particles was a problem [16].
Therefore, there is a pressing need in the energetic materi-
als community to identify and quantify the properties of
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photopolymers that are compatible with a variety of re-
active particles and that can produce structurally sound
components.
The focus of this work is to do the following; 1) identify
a photopolymer that is compatible with AP composite pro-
pellant and VAP; 2) quantify the effect of curing parameters
such as light intensity, wavelength, and exposure time on
the final properties of the photopolymer; 3) quantify the ef-
fect of said parameters and aluminum content on the prop-
erties of cured propellant; and 4) determine the interfacial
properties of layered aluminized propellant. This paper
presents a fundamental investigation on the effect of UV
energy on the subsequent reactivity of a tunable photo-
polymer and on the final properties of UV cured propellant.
The results of this paper demonstrate the ability to control
the properties of the photopolymer, therefore controlling
the properties of UV cured solid propellant. This work is di-
rectly applicable to 3D printing energetic mixtures and lays
the groundwork for printing more complex geometries
while expanding the range of metallized formulations that
can be printed in the future. The results are also applicable
to other opaque composite materials (i. e. ceramics, metals,
and fibers) that can be printed with VAP.
2 Experimental Section
2.1 Formulation of the Photopolymer
Typically when a new photopolymer formulation is devel-
oped, several parameters such as the percentage of photo-
initiator and the ratio of oligomer to diluent are varied in
order to determine the effect of those parameters on the
curing characteristics and kinetics. While that could be
done, the focus of this paper is to determine the effect of
curing parameters on solid propellant properties and this
was done by selecting a composition that is similar to a rec-
ommended formulation from the company that supplies
the polybutadiene urethane acrylate. The only difference
between the manufacturer composition and the one pre-
sented in this paper is that the diluent HDDA was used in-
stead of isobornyl acrylate (IBOA) due to the fact that the
photoinitiator of choice, phenylbis(2,4,6-trimethylbenzoyl)
phosphine oxide (BAPO), is soluble in HDDA which pro-
motes uniform mixing. The polybutadiene urethane acry-
late served as the oligomer.
Since the viscosities of polybutadiene urethane acrylate
and HDDA are drastically different (15,000 cP at 60 °C and
5–8 cP at 25 °C respectively), the components had to be
mixed with a sonifier (Branson) [17]. Repeated cycles at
20% intensity for 20 s were used to break up the oligomer
chains. Over time, the oligomer tended to clump up again,
so it was important to use the sonifier as needed to dis-
perse the chains right before testing or mixing. The final
composition of the photopolymer was 50/49/1 wt.% of ac-
rylate, HDDA, and BAPO. To eliminate variables in the mix-
ing process, 200 g of photopolymer was mixed in a 12 oz
container (Cary Company) for photopolymer and propellant
characterization. The photopolymer was stored in a light
blocking container because it was found that the photo-
polymer would slowly polymerize in the presence of am-
bient light after a few days. The viscosity of the photo-
polymer was measured with a Brookfield DVII+Pro HB
viscometer to obtain an estimate of the viscosity. At 14.8 °C
and 20 RPM with the H-1 spindle, the viscosity measured
was 436 cP.
2.2 Propellant Formulation
Five 20 g batches of propellant, with aluminum content
varying from 0 to 20 wt.%, were made for testing. The pro-
pellant was mixed with 85 wt.% solids loading (72.5–
73.8 vol.%) and a 1 :1 coarse to fine ratio of 60–130 μm to
20 μm AP, which was sieved below 180 μm. The aluminum
used was   40 +325 mesh and 99.8% purity. The propel-
lant was mixed in a resonant mixer. No signs of hardening
due to vibration were seen, which was an important, prom-
ising result for VAP.
2.3 Cure Depth Tests
Given that characterizing the effect of UV light source pa-
rameters on the curing properties of solid propellant is a
new process, a test was designed to quantify the cure
depth of the mixtures. A schematic can be seen in Figure 1
(a). An AmScope LED-6 W illuminator with variable intensity
and 365 nm and 395 nm lights were used for testing the
cure depth of the photopolymer and propellant. The power
of the lights was measured with a Gentec MAESTRO laser
power and energy meter and a XLP12-3S-H2-D0 laser pow-
er detector with an area of 1.119 cm2. The power of the
365 nm light at the lowest and highest settings were 2.9�
0.1 mW and 88.5�0.1 mW and the power of the 395 nm
light at the lowest and highest settings were 4.5�0.1 mW
and 118�1 mW respectively. The intensity was determined
by measuring the diameter of the beam, as seen in Figure 1
(b), with calipers and dividing the power by the beam area.
Figure 1. (a) The configuration of the UV cure depth tests of propel-
lant disks and (b) the UV beam area measurement.
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However, the beam diameter was measured on the counter
surface rather than the top of the sample. It was estimated
that the beam was displaced by anywhere from 3 to 5 mm
upward depending on the thickness of the material tested.
The divergence of the beam was determined to be 8.6°, so
based on a height of 5 mm, the beam area could be cor-
rected. However, for the sake of clarity, in all of the sub-
sequent figures, the measured beam area is reported. Ta-
bles 1 and 2 display the values for a 5 mm correction for
the photopolymer and propellant cure tests for reference. It
can be seen that the difference is relatively small in the low
intensity cases but is larger in the high intensity cases. Al-
though there is some degree of error associated with this
measurement, consistent trends in cure depth were still
measurable with this test.
Since there are several factors that affect the pene-
tration depth of the UV light into a photopolymer, it was
decided to vary the exposure time, UV wavelength, and in-
tensity. In order to ensure consistency, 11.36 g of photo-
polymer was weighed into petri dishes (McMaster Carr
3854T11) to achieve approximately the same thickness (~
2 mm). The propellant tests were conducted in a similar
way, except that propellant disks 3 to 4 mm high with a
30 mm diameter were pressed into the center of the petri
dish. Since photopolymerization typically produces a lot of
heat, a thermal camera (FLIR A325sc) was used at a frame
rate of 30 fps to determine the heating of the photo-
polymer and propellant when the UV light was applied. Ap-
proximately 5 s before the UV light was switched on man-
ually, the IR recording began and remained on until
approximately a few seconds after the light was turned off.
After the test, uncured propellant or photopolymer was
scraped off of the sides and underside of the cured section.
Care was taken with the low intensity samples because they
were extremely thin and brittle. The thickness was meas-
ured at the center of each sample with calipers.
2.4 X-Ray Tomography
Although it was determined that by selecting appropriate
parameters, the cure depth and mechanical properties of
aluminized propellants can be selected to be compatible
with 3D printing, there was still the concern that curing lay-
er-by-layer would introduce weak interfaces. Poor bonding
between deposition interfaces could cause problems struc-
turally as well as during combustion, especially if the pro-
pellant is subjected to strong inertial forces. Therefore, an
initial assessment of the interfaces within a layered alumi-
nized propellant was made using X-ray micro computed to-
mography (microCT). The 15% aluminized propellant was
pressed into a flat layer with a thickness of about 1 mm and
a radius of about 30 mm. Then, the layer was cured for 45 s
at a wavelength of 395 nm and an intensity of 23.72 mW/
cm2. These parameters were chosen because based on the
results from the propellant cure depth tests in Section 2.3,
the propellant completely solidified at a depth much larger
than 1 mm, meaning that each 1 mm layer in this test
would also be solidified. Afterwards, another layer approx-
imately 1 mm thick was pressed on top of the previous lay-
er and was then cured without adjusting the beam area.
This was repeated until four layers were cured, correspond-
ing to a total thickness of 3.88 mm at the center and a di-
ameter of 25.37 mm.
An X-ray microCT (Bruker Skyscan 1272) scanner was
used to visualize the layers. An intensity of 100 kV was se-
lected and the scan was calibrated for an average intensity
between 60 and 61% without flat field correction and be-
tween 86 and 87% with correction. The resolution of the
scans was 16.5 μm and the images were post processed to
reduce beam hardening effects, noise, and ring artifacts.
The program CTAn was used to analyze cross sectional im-
ages in multiple directions.
3 Results and Discussion
3.1 Properties of the Cured Photopolymer
3.1.1 Diameter Growth Rate
The intensity of the light source had a significant effect on
the final properties of the photopolymer. The high intensity
samples (~20 mW/cm2) were hard and rigid whereas the
low intensity samples (~1 mW/cm2) were flexible and soft.
The difference in the curing characteristics can also be seen
from the thermal traces depicted in Figure 2. Note that the
increase in temperature is plotted rather than the absolute
temperature trace in order to facilitate comparisons be-
Table 1. The measured and corrected intensities of the UV light









365 Min 0.59 0.65
365 Max 18.03 19.89
395 Min 0.92 1.01
395 Max 24.04 26.52
Table 2. The measured and corrected intensities of the UV light









365 Min 0.56 0.63
365 Max 17.06 19.27
395 Min 0.85 0.95
395 Max 22.16 24.99
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tween the trials. As evident, low intensities slowly poly-
merized the photopolymer so the thermal traces showed a
slow, nearly asymptotic profile, whereas the high intensities
showed a peak in temperature with a steep heating slope
and eventual decay. It can also be seen that for lower in-
tensities, the asymptotic temperature limit is not reached
when the light is only applied for 15 s whereas the thermal
peak of the high intensity traces is reached in much less
than 15 s, indicating different reaction rates. In both cases,
it can be seen that the curves at the same wavelengths fol-
low each other, so it is clear that this testing process is re-
peatable. There are only slight differences between the
365 nm and 395 nm wavelengths in the high and low in-
tensity cases. However, the effect of wavelength is not truly
isolated because the power of the 395 nm light was higher
than the 365 nm light and by keeping the beam areas con-
stant, the intensities were ultimately different.
One way to quantify the reactivity of the photopolymer
is to quantify the diameter growth rate because the thermal
camera can only capture surface, or near surface, emission.
Even though UV light was able to penetrate the solidified
top surface and facilitate reactions that would increase the
cure depth, there was no reliable way to quantify a cure
depth rate with this experiment. Figure 3 shows what a typ-
ical diameter growth in a photopolymer would look like. By
comparing the images of the photopolymer, which were
calibrated with an image of a reference object of known di-
mensions in ImageJ, to the measured diameter of the cured
samples, it was determined that that red pixels in the image
indicated the cured edge of the photopolymer. By compar-
ing the IR videos to the thermal trace, it was clear that the
diameter growth rate was related to the thermal traces. The
comparison between the videos and thermal traces was
very easy to make at high intensities because the diameter
stopped growing after the thermal peak. However, the
comparison of growth at lower intensities was harder to es-
timate because it appeared that even after the initial rise in
temperature towards an asymptotic value, growth was still
Figure 2. The reaction temperature traces of the photopolymers normalized with respect to ambient temperature. The low intensity cases
(left) displayed asymptotic behavior, whereas the high intensity cases (right) showed decay after reaching a peak temperature at a fast rate.
Figure 3. Sample IR images used to determine diameter growth rate. The first frame (left) was selected when the photopolymer began to
react and the final frame (right) corresponds to the absolute peak temperature on the thermal trace. The edge of the photopolymer is
denoted by a red color and the scale bar is the temperature reported in degrees Celsius.
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occurring in the videos. However, in order to estimate the
rate and to be consistent with the measurements from the
higher intensities, the diameter growth rate was only con-
sidered during the initial rise in temperature, although the
growth rate in reality varies at different stages in the poly-
merization process. Typically, high intensities resulted in a
diameter growth rate that was an order of magnitude faster
and peak temperatures that were two times higher than
the lower intensity values (see Table 3). It is clear from these
results that the properties of the final photopolymer can be
tuned at will based on select curing conditions.
3.1.2 Cure Depth
Figure 4 shows the cure depth of the polymerized photo-
polymers, which was determined by measuring the thick-
ness cured at the center with calipers. After curing for 30 s
at a wavelength of 395 nm and intensity of 24.04 mW/cm2,
the cure depth is actually limited by the initial thickness of
photopolymer in the petri dish rather than approaching a
maximum distinguishable cure depth. Therefore, it is likely
that the photopolymer can cure even deeper with more UV
energy, but that limit was not quantified due to the cure
depth measurements being limited by the constant mass
measured in a petri dish. There was no quantifiable effect of
wavelength on the cure depth at lower intensities, so this
reaffirms the expectation that the wavelength is not a dom-
inant factor in the small range selected. For the high in-
tensity cases, there was clearly a significant change in the
cure depth. However, the intensity of the 395 nm beam is
about 6 mW/cm2 higher than the 365 nm beam, so the dif-
ference in intensity was the main contributing factor.
3.2 The Effect of Aluminum Content in UV Curable
Composite Propellant
Given that the reaction temperatures and final properties of
the photopolymer can be tuned very well, it is important to
determine the effect of solids loading and aluminum con-
tent on the ability of the photopolymer to cure since many
energetic materials include opaque reflective ingredients,
such as aluminum. The addition of particles can inhibit pho-
topolymerization and also absorb heat, thereby changing
the temperature profile. Opaque particles can inhibit this
process even further. It appears that with a high solids load-
ing and no aluminum content, the effective cure depth was
slightly higher than the depth of the pure photopolymer
samples seen in Figure 4. This is most likely because the
surface of propellant is not smooth and the larger AP par-
ticles make measurements less certain. The uncertainty in
the cure depth measurement can easily be attributed to
�0.18 mm (180 μm) or so to account for the largest AP par-
ticle size. In addition, ammonium perchlorate, being nearly
transparent to UV, can scatter UV deeper into the propel-
lant. Regardless, clear trends can be seen as a function of
aluminum content in Figure 5.
In general, it is clear that as the aluminum content in-
creases, the cure depth decreases as expected. At the low
intensities, it appears that the two curves at different wave-
lengths are effectively the same. The high intensity results
are more scattered, but an increase in aluminum content
decreases the spread in cure depth data. However, the re-
sults are rather complex to interpret, particularly since there
is uncertainty in the measurement that can be attributed to
small sample size and error in the intensity measurement.
Initially, it was believed that a large mismatch in intensity
between the 395 nm, 22.16 mW/cm2 case and the 365 nm,
17.06 mW/cm2 case would prevent the effect of wavelength
and intensity on cure depth from being isolated. Therefore,
the 395 nm, 16.88 mW/cm2 and 365 nm, 24.24 mW/cm2 cas-
es were explored and are also included in Figure 5. It was
surprising to find that for an intensity of about 17 mW/cm2,
there was significant difference in cure depth at different
wavelengths for most mixtures, whereas there was no effec-
tive difference in cure depth due to wavelength (except for
the propellant with no aluminum) seen in measurements
taken at an intensity of about 23 mW/cm2. It was de-
Table 3. The UV cure characteristics of a 50 wt.% acrylate, 49 wt.%
HDDA, and 1 wt.% BAPO photo-polymer. The exposure time was












365 0.59 0.59 20.6 32.3
365 18.03 4.30 3.26 90.6
395 0.92 0.84 17.7 37
395 24.04 4.92 2.9 109.2
Figure 4. The cure depth of the 50 wt.% acrylate, 49 wt.% HDDA,
and 1 wt.% BAPO photopolymer plotted as a function of exposure
time, wavelength, and intensity.
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termined that analyzing the cure depth alone would not
provide enough information to arrive at any definitive con-
clusions for the high intensity cases, so the thermal traces
were analyzed as well.
By considering the normalized thermal traces in Fig-
ure 6, it is clear that the aluminum content causes some un-
expected effects in some test cases. Figure 6(a) depicts
what one would typically expect; as the aluminum content
increases, the change in reaction temperature decreases in
relatively even increments. However, it is clear that this
trend is not always followed in Figures 6(b)–(d). Even in the
low intensity cases, the thermal traces associated with vary-
ing aluminum content behave differently than expected, al-
though there is a very clear trend in cure depth seen in Fig-
ure 5. However, it seems that the maximum change in
reaction temperature (max ΔT) of the low intensity re-
actions are on the same order of magnitude (<5 °C), where-
as the max ΔT of the high intensity reactions typically vary
from 10–20 °C. Although there was hardly any definitive in-
sight from the thermal traces on the cure depth, a very
loose correlation was found. It appeared that for each given
formulation and at a constant wavelength, a higher max ΔT
corresponded to a shallower cure depth for almost all of
the cases, as seen in Figure 7. It is noted that this is a loose
trend, and that more rigorous testing and analysis is need-
ed to truly provide insight on how UV reaction energy di-
rectly translates to cure depth in propellant. However, a
higher max ΔT indicates more vigorous reactions at the sur-
face, which can indicate vitrification of the photopolymer. It
is known that the vitrification of photopolymers dramati-
cally limits polymer chain mobility as reacted portions rap-
idly transition to a solid phase and unreacted portions are
locked in place. This phenomenon prevents the photo-
polymer from curing properly and a consequence of this
can be incomplete cure [13,19]. In this case, it is believed
that a polymer that is not cured completely will have a shal-
lower cure depth. There is much more consistency in the
365 nm data (Figure 7(a)), where the difference in thermal
energy between two different intensities is relatively the
same between each aluminum content level, as compared
to the 395 nm data (Figure 7(b)). This is probably because
BAPO is tuned to react at 365 nm, allowing more control
and precision in the reactivity at this wavelength, and even
small deviations from this value will affect curing character-
istics.
Given the complexity of the results, multiple regression
analysis was used to provide some insight into which varia-
bles (aluminum content, wavelength, and intensity) had a
dominant effect on cure depth. Since max ΔT is also a
measured parameter, it was decided to perform multiple
linear regression on this result as well. The analysis was only
performed on the high intensity data in order to sort the
complex trends in this region using MATLAB. The cure
depth data was fitted with an RMS value of 0.893 while the
max ΔT was fitted with an RMS value of 0.538, meaning
that the cure depth data was relatively linear while the max
ΔT data was not. The assumptions of homoscedasticity and
a normal distribution of residuals were satisfied for the cure
depth data whereas they were marginally satisfied for the
max ΔT data. Table 4 shows the fitted coefficients (inter-
action terms were neglected in order to simplify the analy-
sis) and associated p-values. The data indicates, based on p-
values, that the aluminum content and wavelength are rele-
vant factors that affect the cure depth while only the alumi-
num content is a relevant factor that affects the max ΔT,
probably due to its thermal mass. It is interesting that al-
Figure 5. The cure depth of a propellant with 85 wt.% solids load-
ing plotted as a function of aluminum content, wavelength, and in-
tensity. The exposure time was 45 s.
Table 4. Multiple linear regression model (fitted with MATLAB) of the cure depth and the maximum change in reaction temperature data
represented as a function of the aluminum content, wavelength, and intensity. The analysis only includes the high intensity (>15 mW/cm2)
data.
Cure Depth Fit Cure Depth Fit Max ΔT Fit Max ΔT Fit
Variable Coefficient P-value Coefficient P-value
Intercept 0.036 0.972   8.74 0.685
Aluminum Content   0.059 4.93e–09   0.413 0.002
Wavelength 0.006 0.032 0.086 0.119
Intensity 0.019 0.144   0.223 0.393
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Figure 6. The reaction temperatures of the propellants exposed to UV light for 45 s plotted as a function of the aluminum content. The
temperatures are normalized with respect to the ambient temperature. The following cure conditions are (a) 365 nm, 24.24 mW/cm2 (b)
395 nm, 16.88 mW/cm2, (c) 365 nm, 17.06 mW/cm2, (d) 395 nm, 22.16 mW/cm2, (e) 365 nm, 0.56 mW/cm2, and (f) 395 nm, 0.85 mW/cm2.
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though the cure depth trend is relatively linear, the max ΔT
data are not, even though the degree of reaction of a pho-
topolymer should intuitively be related to how much the
polymerization occurs. The trends in this set of data could
be better understood if analyzed with respect to surface
area or volume rather than cure depth, but greater under-
standing of this process would be needed.
An effort was made to isolate the effect of aluminum
content from solids loading. A 20 wt.% aluminum sample
was mixed with the photopolymer and the cure depth was
measured for two different conditions after exposed to UV
light for 45 s. The conditions were 365 nm, 17.06 mW/cm2
and 395 nm, 22.16 mW/cm2. A comparison of the cure
depth of a 20 wt.% aluminum/photopolymer mixture to the
pure photopolymer and aluminized propellant with 20%
aluminum content can be seen in Table 5. For the 20 Al/80
Polymer mixture, there is a 30.0% (365 nm case) and 31.0%
(395 nm case) reduction in the cure depth from the photo-
polymer cured at the same conditions. The slight difference
is probably due to the slight difference in relative intensity
(1-2 mW/cm2), but the reduction in cure depth due to alu-
minum seems to be effectively the same. The reduction in
cure depth from the photopolymer to the propellant is
27.4% (365 nm case) and 42.7% (395 nm case). For the
365 nm case, it appears that there is no real difference in
cure depth between the 20 wt.% Al mixture and the alumi-
nized propellant, whereas for the 395 nm case, the cure
depth of the propellant is less than that measured for the
20 wt.% Al mixture. Perhaps the addition of ammonium
perchlorate has some slight effect on the cure depth. How-
ever, it appears that the presence of aluminum alone has a
significant effect.
3.3 Layered Propellant Properties
Given the range of data on the effect of wavelength, in-
tensity, and aluminum content on propellant cure depth,
one can simply select a set of parameters and design their
VAP process around those. However, it was also important
to quantify the consistency of propellant with cured layers.
Based on the cross sectional images of the cured layered
propellant depicted in Figure 8, no interfaces between lay-
ers were seen at the center with the resolution used. This
initial test indicates that a solid, layered propellant can be
manufactured with the presented UV binder without un-
Figure 7. The cure depth versus the maximum change in reaction temperature (max ΔT) for a wavelength of (left) 365 nm and (right)
395 nm.
Table 5. The effect of 20 wt.% neat Al and 20% aluminized propellant (85 wt.% solids loading) on the cure depth. The exposure time







100 Polymer 365 18.03 1.90
100 Polymer 395 24.04 2.48
20 Al/80 Polymer 365 17.06 1.33
20 Al/80 Polymer 395 22.16 1.71
20 Al/65 AP/15 Polymer 365 17.06 1.38
20 Al/65 AP/15 Polymer 395 22.16 1.42
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cured regions in between, which is an important result for
additive manufacturing of propellants. The layered propel-
lant physically appeared to be rigid and held its shape well,
which will be important for printing larger or more complex
structures. However, more rigorous testing of layer-to-layer
adhesion, with tests such as flexural bending [20], is needed
to determine if the layered propellant is significantly weak-
er due to the 3D printing process or if the propellant frac-
tures like a monolithic brittle material (i. e. a ceramic). An
approach that could be exploited to improve layer-to-layer
adhesion is to apply incomplete curing as the propellant is
printed and after the print is completed, final curing could
be completed thermally. For example, lower intensities or
less exposure time could be chosen to partially cure the
mixture enough to be adequate for structural support, but
not too much to create rigid interfaces. However, the com-
bination of partial UV cure and partial thermal cure was not
investigated in this paper.
4 Conclusion
By using a simple test, the cure depth and diameter growth
rate of an acrylate/HDDA/BAPO photopolymer was charac-
terized as a function of exposure time, wavelength, and in-
tensity. It was found that at low intensities, the two wave-
lengths considered (365 and 395 nm) did not have a
noticeable effect on the cure depth. At higher intensities, it
was determined that the effects of intensity and wave-
length on cure depth were not fully isolated for the con-
ditions chosen, although it appears that intensity is prob-
ably the most significant contributor. The effect of
aluminum content in 85 wt.% composite propellant was
tested, and it was found that in general, aluminum addition
decreased the cure depth. Although clear control of the
propellant cure depth is demonstrated, the underlying
mechanisms of how wavelength, intensity, and aluminum
content affect propellant cure depth are not fully under-
stood. It was determined that there was a qualitative corre-
lation between the reaction temperature (max ΔT) and cure
depth at a given wavelength. The loose correlation that
higher thermal peaks relate to shallower cure depths is con-
sistent with the assertion that photopolymers that are ex-
posed to too much energy vitrify on the surface and do not
cure completely. It was also found that the sole presence of
aluminum in a photopolymer accounted for a 30% reduc-
tion in cure depth and provided a much more significant
contribution to a reduction in cure depth than solids load-
ing. In general, an important conclusion from this study is
that a range of propellant formulations can be cured to
depths much larger than typical 3D printing layer thick-
nesses without excessively powerful or dangerous UV light
sources. Consequently, a good strategy might be to not
fully cure each layer and thus better crosslink layers with
post print curing techniques. This study also showed that
there were no visible interfaces between layered aluminized
propellant with 15% Al content via X-ray tomography for
the resolution used. This is a promising result, because visi-
ble interfaces between layers will render UV cured propel-
lant unusable in real applications. Therefore, it is believed
that in-situ UV curing paired with VAP can be used to cre-
ate fully dense, aluminized propellant that can maintain its
shape and structure without being significantly weakened
by interfaces.
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